Fusarium is a genus of fungi causing severe economic damage in many crop species exemplified 9
Introduction
Depending on receptor class and ectodomain structure, PRRs require various additional 66 signalling partners for full signalling capability. To determine whether known PTI components are 67 necessary for recognition of EnFOE, we tested EnFOE-induced PTI responses in a range of mutants 68 affected in known PTI signalling components. The receptor-like kinase SERK3/BAK1 is a central 69 regulator of innate immunity in plants to immunogenic peptides and associates with multiple PRRs to 70 initiate signal transduction in a partially redundant manner with other SERK family proteins (Liebrand, 71 van den Burg, and Joosten 2014). EnFOE-induced ROS production was approximately 50% reduced 72 ( Figure 1g ) and noticeably delayed in bak1-4 compared to WT plants ( Figure S1 ). No EnFOE 73 phenotype was observed in additional SERK mutant lines ( Figure S1 ), suggesting that BAK1 is 74 involved in EnFOE-triggered immune signalling. However, PTI responses to EnFOE were shown to be 75 independent of SOBIR1 (a core component of receptor-like protein type receptors) as well as CERK1, 76 as shown previously for crude Fusarium elicitor fractions (Figure 1g ). Nevertheless, BIK1 and PBL1, 77 cytoplasmic kinases which are involved in many PTI pathways, and the ROS producing NADPH 78 oxidase RBOHD are required for full ROS responses to EnFOE (Figure 1g ). Hence, there is 79 convergence of responses to EnFOE with those to other described elicitors. To further test for 80 recognition of EnFOE by known PRRs, we tested EnFOE responses in additional mutant lines and 81 confirmed that recognition is independent of RLP23, RLP30 and RLP42, each involved in detection of 82 fungal elicitors (Albert et al. 2015; Zhang et al. 2013; Zhang et al. 2014) , as well as RFO1, 2 or 3 83 ( Figure S1 ), known to be involved in quantitative resistance to F. oxysporum in Arabidopsis (de Sain 84 and Rep 2015). EnFOE-induced PTI responses could be abolished using a kinase inhibitor and first 85 biochemical characterisation of EnFOE determined that activity is mostly proteinaceous with a typical 86 dilution response profile ( Figure S2 ). As determined through the elicitor preparation method, EnFOE 87 is also heat-stable and likely above 14 kD in size (see methods). Although both roots and above ground 88 tissues are responsive, EnFOE-triggered cytosolic Ca 2+ elevations are higher in the root. This was similar 89 respond to the fungal elicitors chitin and FoNLP, suggesting specificity to EnFOE-induced PTI.
To identify the causal single nucleotide polymorphism (SNP) in fere1, we generated a fere1 105 outcross population with ecotype Ler-0 and confirmed phenotypic segregation of a single recessive 106 locus, which we subsequently mapped using insertion/deletion (InDel) markers (Salathia et al. 2007 like LURE peptides during pollen tube attraction (Wang et al. 2016 ). MIK2 has one intron and the pre-118 mRNA is spliced into two forms (both of which are affected by the fere1 SNP), with MIK2.1 being up 119 to 50 fold more abundant than MIK2.2 (Van der Does et al. 2017). Three independent mik2 mutant 120 alleles show largely abolished PTI responses to EnFOE but not to chitin (Figure 3b ). Furthermore, 121 mik2-3 is allelic to fere1 which we tested by reciprocal crossing. In addition, we generated fere1-122 independent mik2-3 mutants carrying the apoaequorin reporter (mik2-3 AEQ ) which showed a similar loss-123 of-function phenotype in response to EnFOE (Figure 3c ). Furthermore, the PTI loss-of-function 124 phenotype in fere1 to EnFOE was fully complemented by ectopic MIK2 expression under the control of 125 in CWI e.g. HERKULES, WAK2, THESEUS and FERONIA (Engelsdorf et al. 2018) . A WT-like 140 response was observed in herk1, wak2, and two independent the1 alleles (-1 [null mutant] and -4 141 MIK2 is a PRR for peptides in EnFOE. However, the almost complete loss-of-function phenotype in 148 diverse mik2 alleles when elicited with EnFOE argues for a function as a PRR, co-receptor or essential 149 regulator of elicitor perception. Although the strong loss-of-function phenotype of fere1 and other mik2 150 alleles in response to EnFOE argues against redundancy of this response, we also tested mutants in 151 MIK2-LIKE (60% amino acid identity to MIK2) (Van der Does et al. 2017). The mik2-like mutant plants 152 did not show a reduced ROS response to EnFOE however (Figure S1 ), suggesting that MIK2-like does 153 not fulfil a similar function as MIK2 in PTI. 154
The nature of immunogenic peptides in EnFOE remains unknown for now. However, the role 155 of MIK2 in sexual compatibility sensing via LURE peptides suggests that MIK2 can perceive 156 endogenous and exogenous signals. With its additional function in CWI sensing and salt stress 157 resistance, MIK2 could act as an integrator of diverse signals for coordinated plant response to the 158 environment. This does not exclude that MIK2 could also function as a direct peptide receptor. 159
Comparably, the RLK FERONIA, which has multiple functions in plants, was shown to be also a 160 mik2-1/mik2-like-2 were provided by Cyril Zipfel (ETH, Zurich, Switzerland). The rlp30-2 (At3g05360; 196 SALK_008911) mutant line was provided by Thorsten Nürnberger (University of Tübingen, Germany); 197 herk1 (At3g46290; SALK_008043C), the1-4 (At5g54380; SAIL_683_H03) and wak2 (At1g21270; 198 SAIL_12_D05) were provided by Kay Schneitz (TU Munich, Germany); serk1-1 (At1g71830; 199 The line mik2-3 AEQ was generated by crossing mik2-3 with Col-0 AEQ plants and was confirmed 204 homozygous for both loci in the F 2 generation using the appropriate primers. For growth in liquid 205 medium, A. thaliana seeds were surface-sterilized then stratified for at least 48 hours (dark; 4°C) and was collected and the beads were washed with 15 mL water for 10 min on a shaker in total 5 times. The 231 resulting 'Q unbound ' fractions were pooled and lyophilized; subsequently the powder was dissolved and 232 desalted as above then incubated with Macro-Prep High S cation exchange media (Bio-Rad). The 233 supernatant and five water washes were again collected and stored, but not used any further. The cation 234 exchange medium was subsequently incubated 5 times with 15 mL 0.5 M NaCl on a shaker for 10 min, 235 and supernatants of each elution step were collected, pooled and lyophilized ('Q unbound /S eluate' ). Finally, 236 the 'Q unbound /S eluate ' powder was dissolved in 15 mL water and desalted twice to a final volume of 60 mL 237 EnFoE. Protein concentration was determined using Pierce™ BCA Protein Assay Kit (Thermo 238 Scientific, Waltham, USA) according to the manufacturer's instructions (stock concentration: 10 239 μg/mL). For proteinase treatment, elicitor samples were incubated overnight at 50°C with proteinase K 240 (10 μg/mL) or without as a control and were heat-inactivated for 15 min at 95°C. To determine protein 241 kinase dependency, Col-0 AEQ seedlings were pre-treated with K-252a (10 μM) or DMSO as a control 242 within 96-well measurement plates 30 min before elicitor application. RNA was extracted using the conventional Trizol/chloroform method, followed by treatment with 298 DNase I (Thermo Scientific) and then reverse-transcription using oligo(dT) and RevertAid reverse 299 transcriptase according to the manufacturer's instructions (Thermo Scientific). Complementary DNA 300 (from 1-2 µg RNA) was diluted 1:10 in water and 3 μl per reaction was mixed together with SYBR 301
Green™ (Thermo Scientific) and gene-specific primers ( Supplementary Table 1 Approximately 12-24 M 2 seedlings per M 1 plant were measured for aequorin luminescence in response 320 to FGE as described above but without discharge. Seedlings with a markedly lower or later elevation in 321 aequorin luminescence than that of control Col-0 AEQ seedlings were 'rescued' from the 96-well plates to 322 solid MS media for approximately one week then transferred to soil for seed setting. Mutant phenotypes 323
were verified by analysis of the corresponding M 3 offspring with quantitative [Ca 2+ ] cyt measurements. 324
The fere1 mutant line was backcrossed (Col-0 AEQ ) in order to reduce background mutation levels and 325 phenotypic analysis of F 1 and F 2 populations resulting from this cross demonstrated a single recessive 326 locus. A single F 2 offspring homozygous for fere1 was used for all experiments and subsequent genetic 327 material produced in this study. 328 329
Mapping and sequencing of candidate genes. 330
Mapping populations were generated by crossing fere1 with the A. thaliana ecotype Landsberg 331 erecta-0 (Ler-0). Approximately 200 F 2 offspring were grown on soil for seed setting. As outcross 332 populations introduce ecotype-associated phenotypic variation, which makes accurate assessments of 333 mutant phenotypes more difficult, F 3 progeny (approx. 24 per F 2 ) were phenotyped using quantitative 334
[Ca 2+ ] cyt measurements in order to better determine fere1 homozygosity. Additionally, the EnFOE 335 fraction was used in order to better distinguish between WT-like and fere1-like phenotypes. F 3 plants 336
were grown out on soil and harvested at 2-weeks for genomic DNA isolation in order to reconstitute the 337 genetic make-up of each F 2 parent. Finally, 22 fere1-like F 2 and 5 WT-like F 2 individuals were used for Table 1 ). The pENTR™/D-TOPO™ 360
Cloning Kit was used (Thermo Scientific) to generate a Gateway compatible entry clone then the gene 361 was reshuffled into the pEarleyGate 303 destination vector via a standard LR cloning method. To 362 generate a construct containing the native MIK2.1 splice form, a GoldenGate cloning strategy was used. 363
The MIK2 promotor sequence described above and MIK2 cDNA sequence were sub-cloned into 364 respective modules using appropriate primers ( Supplementary Table 1 ) and assembled together with 365 the CaMV35S terminator sequence into an appropriate binary vector for plant expression. 
